49 -phospholipase A 2 (EC 3.1.1.4) isolated from the venom of the serpent A. contortrix laticinctus (broad-banded copperhead). We present here three monomeric crystal structures of the myotoxin, obtained under different crystallization conditions. The three forms present notable structural differences and reveal that the presence of a ligand in the active site (naturally presumed to be a fatty acid) induces the exposure of a hydrophobic surface (the hydrophobic knuckle) toward the C terminus. The knuckle in A. contortrix laticinctus myotoxin involves the side chains of Phe 121 and Phe 124 and is a consequence of the formation of a canonical structure for the main chain within the region of residues 118 -125.
Phospholipases A 2 (PLA 2 , 1 EC 3.1.1.4) constitute a large family of enzymes that catalyze the hydrolysis of the sn-2 ester bond of phospholipids, producing free fatty acids and lysophospholipids (1) (2) (3) (4) . The enzymatic activity of PLA 2 s plays an important role in many biological processes, and the fatty acids released by PLA 2 can function as energy stores, second messengers (5, 6) , and as precursors of eicosanoids, which are potent mediators of inflammation (7, 8) . The lysophospholipids on the other hand are involved in cell signaling and phospholipid remodeling and are associated with membrane perturbation (9, 10) . Some members of the PLA 2 superfamily also present a wide variety of pharmacological effects, such as pre-and post-synaptic neurotoxicity (11, 12) , myotoxicity (13) (14) (15) (16) (17) (18) (19) , cardiotoxicity (20) , and platelet aggregation (21, 22) among others.
According to their common source, size, pathological effects, amino acid sequence similarity, structural homology, disulfide bridge pattern, and other criteria, the PLA 2 superfamily has been classified into 11 groups and 23 subgroups (23) . Groups I and II comprise secreted phospholipases A 2 (of about 14 kDa) typically found in mammalian secretory fluids and snake venoms (24, 25). They show a high degree of sequence and structural similarity and are believed to have a common calciumdependent catalytic mechanism. The hydrolytic activity displayed by these groups of enzymes requires the presence of His 48 and Asp 99 residues (following the numbering system of Renetseder et al. (26) ), the former coordinating a conserved water molecule that acts as a nucleophile during hydrolysis. An aspartic acid at position 49, also described to be essential for the catalytic activity, binds the Ca 2ϩ cofactor and aids in the stabilization of the tetrahedral intermediate during catalysis (27, 28) .
A subfamily of group II PLA 2 s, where Asp 49 is replaced by a lysine residue (known as Lys 49 -PLA 2 ), has been described (29, 30) . Initially Lys 49 -PLA 2 s were believed to be catalytically inactive because of flipping of the Cys 29 -Gly 30 peptide bond and their stereochemical incapacity to bind the cofactor calcium ion and thus stabilize the tetrahedral intermediate observed in the calcium-dependent catalytic reaction promoted by Asp 49 -PLA 2 s (31). This hypothesis was supported by structural analyses that have shown that the ⑀-amino group of Lys 49 is located in the position occupied by Ca 2ϩ in Asp 49 -PLA 2 (32) (33) (34) . However, in vitro assays have provided evidence of a limited catalytic activity for Lys 49 -PLA 2 (35, 36) . These studies have often been criticized on the basis that they were performed by using toxins extracted directly from the snake venom, where the presence of trace amounts of contaminating Asp 49 -PLA 2 would be sufficient to yield the low levels of activity observed. Recently, the use of refolded recombinant enzyme, where this risk has been eliminated (37), appears to confirm the original hypothesis that Lys 49 -PLA 2 s are indeed catalytically inactive.
Nevertheless, a global consensus on this point has yet to be reached as emphasized by recent review articles (38, 39) . Despite having little or no enzymatic activity, Lys 49 -PLA 2 s are very active in induction of myonecrosis (16, 40, 41) .
If these molecules are genuinely catalytically inactive, this raises the intriguing question of why their "active" sites are so well conserved. "SequenceSpace" analysis (42) and x-ray diffraction studies (32) (33) (34) (43) (44) (45) (46) have both clearly shown that, with the exception of Asp 49 itself, the Lys 49 -PLA 2 s conserve all the important residues of the catalytic machinery, as well the nucleophilic water molecule and a hydrogen-bonding network that involves Tyr 52 and Tyr 73 and the N terminus. In addition, crystallographic structures in complex with naturally bound fatty acid molecules (interpreted as the product of catalysis) have been described (46, 47) . Based on these results, Lee and co-workers (47) have suggested that the apparent low level or lack of catalytic activity for Lys 49 -PLA 2 observed in vitro could be the result of the failure of product release from the active site after one cycle of catalysis, leading to enzyme inhibition.
Despite the abundance of crystallographic data on the Lys 49 -PLA 2 s, the mechanism of action that leads to their pharmacological effects has still to be fully elucidated. This is due at least in part to the fact that it has proved difficult to capture the same myotoxin in different conformational states. Inferences such as those made by Lee et al. (47) have had to be made on the basis of comparisons between different Lys 49 -PLA 2 s crystallized under different conditions, some in the presence of a bound active-site ligand and others not. There is, however, a growing consensus that both the myotoxic and calcium-independent membrane damaging activities (48, 49) of these molecules involve a mixture of basic and hydrophobic residues (particularly aromatics) concentrated toward the C terminus (37, 38, 50 -52) .
One of the principal mechanistic mysteries surrounding Lys-PLA 2 is the way in which ligand binding or catalysis at the active site is coupled to, or independent from, events involving this C-terminal region. In the present work we address this question directly via a description of the crystal structure of ACL myotoxin, a Lys 49 -PLA 2 isolated from Agkistrodon contortrix laticinctus (broad-banded copperhead) venom. For the first time, three different crystal forms are observed for a Lys 49 -PLA 2 originating from the same sample. Most interestingly, one of the crystal forms reveals the presence of a non-protein electron density within the hydrophobic substrate-binding channel, whereas the other two do not. This has allowed for a direct comparison between three different conformations of the same molecule. These have been used, together with our current knowledge of other PLA 2 structures, to propose a coupling mechanism that relates changes in the conformation of the Ca 2ϩ binding loop, mediated by fatty acid binding, to the exposure of a significant additional hydrophobic surface close to the C terminus. This may aid in explaining the conundrum of the conservation of the PLA 2 active site in apparently catalytically inactive molecules.
EXPERIMENTAL PROCEDURES

Crystallization and Data Collection/Processing
ACL myotoxin from the venom of A. contortrix laticinctus was isolated and purified as reported previously (16) . The protein, obtained from the same purification batch, was crystallized under three different conditions using the conventional hanging drop vapor diffusion techniques. The structures derived from different crystallization conditions present conformational differences, and here they have been named forms I, II, and III respectively. All crystallization experiments were performed at 291 K with drops containing equal volumes (5 l) of reservoir and protein solution. The latter was dissolved in water at a concentration that varied between 10 and 16 mg/ml prior to crystallization.
X-ray diffraction measurements were performed at 100 K using crystals previously soaked in cryoprotectant solution (see Table I ). Data for the first two crystal forms were collected at the Brazilian Synchrotron Light Laboratory, LNLS (53), using ϭ 1.544 Å, on a MAR345 image plate. For the third crystal form, a data set was obtained by using CuK ␣ radiation ( ϭ 1.5418 Å) from a Rigaku UltraX 18 rotating-anode home source, equipped with Osmic focusing mirrors and measured on a Mar345dtb image plate detector. Data from forms I and II were processed using MOSFLM (54) and scaled with SCALA (55) . For the third form, data were processed using the HKL 1.96 package (56) but retaining the Bijvoet's pairs independently. In all cases the crystals belong to the space group P4 1 2 1 2 with slightly different cell parameters.
Phasing and Refinement
Forms I and II-The first set of phases for both form I and II crystals were obtained by molecular replacement techniques implemented in the program MOLREP (57) . For form I, a monomer of the Lys 49 -PLA 2 from A. piscivorus piscivorus was used as the search model (PDB code 1PPA (32)). For form II, a partially refined structure from form I was used as the search model. In both cases, rigid body and simulated annealing refinement were performed using CNS (58), followed by subsequent cycles of positional and B factor refinement carried out with REFMAC 5.0 (59). The electron density maps were examined in O (60) with atomic positions being adjusted manually when necessary. Solvent water molecules, treated as oxygen atoms, were added using the automated refinement procedure routine (61) . During the refinement of form I, the analysis of Fourier difference maps indicated the presence of a very strong electron density (over 3) inside the hydrophobic channel that leads to the active site. This was initially modeled as a single molecule of lauric acid (C 12 H 24 O 2 ) that was incorporated into the model prior to the final stages of refinement. As an alternative, the possibility of modeling the additional electron density as a low molecular weight polyethylene glycol (PEG) molecule was also explored.
Form III-The high quality data collected for the third crystal form were used for trials in a single anomalous dispersion using sulfur as the anomalous scatterer phasing procedure. The positions of the 18 sulfur sites were determined using SHELXD (62) . Besides the 16 sites expected for the 14 half-cystines and 2 methionine residues of the ACL myotoxin, the two extra sites correspond to a second conformation of one of the methionine residues and a sulfate ion that was derived from the crystallization solution. SHARP (63) was used for refinement of the SHELXD sites and phase calculation, followed by density modification with SOLOMON (64) . An initial model was obtained by ARP/wARP (65) , followed by iterative model building (for 108 of the 121 residues) and side chain docking. Successive rounds of rebuilding and interspersed with torsion angle simulated annealing using CNS, and positional and individual B factor refinements with REFMAC 5.0 were carried out to generate the final model.
The overall stereochemical quality of the final models for ACL myotoxin was assessed by the program PROCHECK (66) , and the agreements between model and experimental data were checked with SF-CHECK (67) . Atomic coordinates for the three forms have been deposited in the Protein Data Bank (68) under codes 1S8G (form I), 1S8H (form II), and 1S8I (form III).
RESULTS
Crystallization, Data Processing, and Structure Refinement-Crystals of form I were obtained using 30% w/v PEG 8000, 0.1 M sodium cacodylate, pH 6.5, 0.2 M ammonium sulfate, and a protein solution at 10 mg/ml. Form II crystals grow in the presence of 2.0 M ammonium sulfate, 0.1 M Tris-HCl, pH 8.5, and a protein solution at a concentration of 16 mg/ml. These crystals are isomorphous with those described previously by Treharne et al. (69) . Form III crystals were obtained by using essentially identical conditions to those described for form II but with a reduced protein concentration (2.0 M ammonium sulfate, 0.1 M Tris-HCl, pH 8.5, and protein solution at 10 mg/ml). All three crystal forms belong to the space group P4 1 2 1 2, and the difference between form II and form III is essentially structural, becoming evident only after refinement.
Crystals of the myotoxin diffracted to 2.3, 1.8, and 1.6 Å, respectively, for forms I, II, and III. In the case of form I, the refinement converged to final residuals of R factor ϭ 20.5% and R free ϭ 24.7%, based on a model that consists of 121 residues for the polypeptide chain, 78 sites treated as water oxygens, a lauric acid molecule, and a sulfate ion.
As with the structures reported previously for the myotoxins from Bothrops nummifer and Bothrops pirajai, which also presented additional density within the hydrophobic channel, the ACL myotoxin was crystallized in the presence of polyethylene glycol (PEG). It therefore seemed prudent to consider the possibility that the ligand density might correspond to a low molecular weight PEG. Attempts to refine the structure with a diethylene glycol unit occupying this site led to essentially identical results to those obtained with lauric acid, both in terms of the B factors for the ligand and its local environment and the final R values.
The refinement of crystal form II converged to R factor and R free values of 19.1 and 22.9%, respectively. In this case the model consists of the same 121 amino acid residues for the polypeptide chain together with 139 solvent sites treated as water oxygens and a sulfate ion. In the case of form III, the final residuals were R factor ϭ 18.6% and R free ϭ 20.5%. Once again, the final model contained all of the expected atoms for the 121 residues of the polypeptide chain, besides 156 water molecules treated as oxygen atoms and a sulfate ion. Data collection, refinement, and quality statistics for the final models are summarized in Table I .
Overall Structures-The three different crystal structures for ACL myotoxin include all of the atoms foreseen by the amino acid sequence (29) and present the canonical fold for a class II PLA 2 , consisting of an N-terminal ␣-helix (called ␣1), the calcium binding loop, two long anti-parallel ␣-helices (␣2 and ␣3, respectively), the ␤-wing, and the C-terminal loop (see Fig. 1a ). Furthermore, the seven disulfide bridges expected for class II PLA 2 myotoxins are all present. As has been previously observed for Lys 49 -PLA 2 s, the positions of the amino acid residues His 48 , Tyr 52 , Tyr 73 , and Asp 99 , and their interactions are also conserved (43) . These residues are essential to the formation of the catalytic site of active phospholipases.
It has been described for other Lys 49 -PLA 2 myotoxins that residues located in the N-terminal ␣-helix and in the short anti-parallel ␤-wing play a role in protein dimerization (47, 48, 70) . Specific residues believed to be important for stabilizing this dimer and that are directly involved in monomer-monomer contacts include Glu 12 , Trp 77 , Asp 79 , and Lys 80 . Structural comparison reveals that these residues are conserved in ACL myotoxin and display similar conformations to those observed in other Lys 49 -PLA 2 s. However, ACL myotoxin presents a monomer in the asymmetric unit of all three crystal forms described here, and this monomeric behavior is consistent with dynamic light scattering analysis carried out in solution under the crystallization conditions used here (results not shown). Furthermore, a full examination of crystal contacts showed that a dimer similar to that described for other myotoxins could not be generated by the crystallographic 2-fold axes of the space group P4 1 2 1 2.
Even though the overall refined model of form I is made more difficult by larger B factors, it was possible to model all residues well within the electron density. Only side chain atoms of some of the lysine residues, located on the surface of the protein, lacked significant electron density. Despite the fact that crystals from forms II and III present lower solvent contents and overall B factors and that they diffracted to higher resolution compared with form I, their structures contain a flexible C-terminal region comprising residues Lys 115 to Lys 125 . This portion of the molecule is known to vary widely among PLA 2 structures and represents the main difference between the three forms of the ACL myotoxin described here (Fig. 1 ). These changes are coupled to smaller changes observed in the calcium binding loop.
After least squares superposition of the three crystal forms, the root mean square deviation over all C-␣ atoms was 1.00 Å for form I against form II, 1.47 Å for form I against form III, and 1.09 Å for form II against form III. However, within the C-terminal region, from residues 115 to 125 where the principal differences reside, the equivalent values rose to 2.42, 3.27, and 1.98 Å, respectively. The unit cell parameters for form II and form III are essentially identical, and the structures were initially believed to be one and the same. On refinement, however, several clear structural differences became evident. These 
Ligand-induced Conformational Change in Lys 49
included the trace of the main chain within the region from residues 115 to 125, which is coupled to alterations to the calcium binding loop. These include a major change to the side chain rotamer of Trp 31 , the formation of a hydrogen bond between His 33 and Ser 24 in form II, and a significant alteration to the angles ( and ) of Gly 30 ( Fig. 1, b and c) . These relatively small changes observed in different crystals grown under effectively identical conditions are indicative of plasticity within these parts of the structure.
Analysis of the calcium binding loop conformation of all three crystal forms indicates that the ⑀-amino group of Lys 49 occupies the equivalent position to the calcium ion in the Asp 49 enzymes, as observed previously for homologous myotoxins (32, 48, 70 -72 whose side chain imidazole is reoriented to occlude the site formerly occupied by water. In these two crystal forms an additional hydrogen bond is made by Lys 49 to a tightly bound sulfate ion, derived from the mother liquor (see below). The flexibility in position and chemical coordination of Lys 49 has already been observed in other structures of Lys 49 -PLA 2 and may be a consequence of the lower formal charge and reduced coordination of the lysine terminal amino group when compared with a Ca 2ϩ ion. In contrast, the conformation of the calcium binding loop of Asp 49 -PLA 2 enzymes together with the residues of the catalytic machinery itself are very well conserved.
Sulfate Ions-For the three crystal forms of ACL myotoxin presented here, electron density peaks consistent with sulfate ions were identified in the Fourier difference maps. The peaks were above 4 in intensity, almost spherical in shape, and surrounded by basic residues. The presence of sulfate ions can be explained based on the high concentration of ammonium sulfate used for crystallization experiments (see "Experimental Procedures"). They differ in position from form I to forms II and III. The sulfate-binding site in form I is located between the Ca 2ϩ binding loop and the C terminus ( Fig. 1) ␣3) . The sulfate ions in forms II and III are located in similar positions, ϳ6 Å closer to the active site than in form I (Fig. 1) , and are bound by the side chains of Arg 34 , Lys 49 , Tyr 52 (not in form III due to a minor difference in the position of the sulfate), and Lys 53 . Significant differences exist in the side chain conformations of Lys 53 and Arg 34 in form I compared with the other two forms, in order to be able to interact with the anion at two distinct sites. Specifically, the ⑀-amino group of Lys 53 and the guanidinium group of Arg 34 move ϳ4 and ϳ7 Å, respectively, from form I to forms II and III, the latter coming to occupy approximately the same volume of space as His 33 in form I. Superposition against the structure of an Asp 49 -PLA 2 from bee venom complexed with L-1-O-octyl-2-heptylphosphonyl-snglycero-3-phosphoethanolamine, a transition-state analogue (PDB code 1POB (73)), shows that the position occupied by the sulfate ions found in forms II and III is equivalent to that occupied by the phosphate group of the phospholipid. This would imply that the crystal structures of forms II and III correspond to states that are compatible with the binding of the head group of phospholipids via specific interactions. However, comparison with other Lys 49 myotoxins in which no analogous anion is found bound to the structure shows that significant conformational changes occur to residues Tyr 52 , Lys 53 , and His 68 in forms II and III in order to accommodate the anion (Fig. 2) .
The position found for the sulfate ions in forms II and III is not stereochemically possible in form I due to the structural differences found in the ion-binding region. The sulfate site found in form I seems to be only the result of a highly positively charged environment that favors electrostatic interaction with the sulfate ions present in the crystallization solution. As yet there is no evidence to support any physiological relevance for the anion-binding site seen in form I. However, in residing close to the C terminus, a region that has been directly associated with membrane interaction and myotoxicity (see below), it potentially represents a site where membrane phospholipid head groups might bind.
Active Site Ligand-During the refinement of form I, the Fourier difference maps indicated the presence of strong nonprotein electron density within the hydrophobic channel that leads to the active site. Because of the size and chemical nature of the channel, this was initially interpreted and modeled as a lauric acid molecule (Fig. 3) . No similar density was observed during the refinement of the other two crystal forms. The fatty acid seen in the form I crystals is held in the active site by electrostatic interactions between its acidic head group and the main chain nitrogen of Gly 30 . This seems to be favored because the peptide group involving residues Cys 29 and Gly 30 appears to be hyperpolarized by the interaction of the buried Lys 122 with the carbonyl of Cys 29 in a manner identical to that described by Lee et al. (47) for PrTX-II. The hydrocarbon tail of the lauric acid makes direct nonpolar contacts or lies close to several hydrophobic residues including Leu 2 , Leu 3 , Leu 5 , Ala 18 , and Ile 19 . The presence of a fatty acid molecule has already been reported in the crystal structures of two Lys 49 myotoxins, that of NumMT-I from B. nummifer (45) and that of piratoxin-II (PrTX-II) from B. pirajai (47) . A similar environment is found for the fatty acid seen in all cases as well as for the phospholipid analogues present in structures of complexes with active phospholipases (73-76) and more recently with two molecules of stearic acid bound to a Lys 49 -PLA 2 (39) . Unlike PrTX-II, no water molecule coordinating the polar head group of the fatty acid was observed in the form I structure described here.
Our attempts to refine the additional density as a low molecular weight PEG molecule rather than as lauric acid were inconclusive. It is therefore impossible to affirm the exact chemical nature of the ligand observed in form I from the crystallographic data alone. However, Lys 49 -PLA 2 myotoxins are known to bind fatty acids to the hydrophobic channel (39), and it therefore seems reasonable to assume that in vivo this is most likely to be the ligand of physiological relevance. The buried conformation assumed by Lys 122 of ACL myotoxin in form I increases the number of interactions made between the C-terminal region and the calcium binding loop. For example, whereas in form I three hydrogen bonds are made between atoms of residues 120 -133 and the calcium binding loop, in the remaining two forms only one exists. This may aid in ordering this part of the molecule compared with forms II and III, thus explaining the poorer electron density observed for the C terminus during refinement of the latter two structures. Furthermore, in forms II and III, due to the radical rearrangement of the C-terminal region, Lys 122 is solvent-exposed and no longer interacts with residues of the calcium binding loop. The concurrent rearrangement of the latter brings the imidazole ring of His 33 to occlude the position of the Lys 122 side chain in form I, making it impossible for this to assume its buried conformation. DISCUSSION ACL myotoxin is the first Lys 49 -PLA 2 for which structures have been fortuitously obtained for both the ligand-free and ligand-bound states. This has enabled correlations to be drawn concerning the conformational change induced by fatty acid binding to the hydrophobic channel and the relevance of this to myotoxicity.
The lack of measurable phospholipase activity for ACL myotoxin (16) is consistent with recent work on recombinant refolded bothropstoxin-I which appears to strongly favor the hypothesis that Lys 49 -PLA 2 myotoxins are indeed catalytically defective, as originally reported (31) . Notwithstanding this observation, there now appears to be ample evidence that this family of myotoxins is able to bind fatty acid and possibly other long chain ligands. Electron spin resonance experiments (77) and the crystal structures of Lys 49 -PLA2s, in which fatty acid molecules have been fortuitously observed within the hydrophobic channel (45, 47) , have until recently been the most convincing sources of evidence. Recently, however, the crystal structure of Bothrops asper myotoxin II, in which stearic acid was clearly observed in the electron density maps bound to the protein after co-crystallization, seems to provide the final word. Lee et al. (47) have suggested that the fortuitously bound ligand observed previously may be fatty acid resulting from an interrupted catalytic cycle. However, whatever the origin and exact nature of all of the ligands that have thus far been described bound within the hydrophobic channel, there now seems little or no doubt that these molecules have a fatty acid binding capability.
A further example of a Lys 49 -PLA 2 complex is provided by the crystal structure of form I presented here. Above we describe the ambiguity in assigning the exact chemical nature of the ligand attributed to the additional electron density observed in this crystal form (Fig. 3) . Whether this is indeed a fatty acid (modeled here as lauric acid) or a low molecular weight PEG molecule derived from the crystallization solution is not expected to influence the conclusions drawn here, as it has already been established that fatty acids are indeed ligands for the hydrophobic channel, and in vivo it is to be expected that either free fatty acids or membrane-derived phospholipids are the most obvious natural ligands. We shall treat the ligand as such for the remainder of the discussion.
The Ligand-induced Conformational Change-It has been proposed that the fatty acid molecules bound to Lys 49 -PLA 2 s are stabilized by hydrogen bonding to the peptide bond between residues Cys 29 and Gly 30 . This peptide is unique in that it is hyperpolarized by the presence of Lys 122 that is fully conserved among myotoxins and that interacts with the carbonyl of Cys 29 , thus increasing the affinity for the fatty acid head group (47) . Identical interactions are once again observed in the form I structure of ACL myotoxin. In forms II and III, the hydrophobic channel and active site are empty, and Lys 122 is exposed to the solvent. This is a consequence of a coupled conformational change involving Gly 30 and neighboring residues of the calcium binding loop together with the C-terminal region from residues 115 to 125.
The buried conformation adopted by Lys 122 in the ligandbound form I leads to an increase in the number of hydrogen bond interactions between the C-terminal region (residues 115-125) and the calcium binding loop. More remarkably, however, it simultaneously induces the solvent exposure of two hydrophobic residues, Phe 121 and Phe 124 . The aromatic rings of these residues lie approximately perpendicular to one another and protrude from the surface of the molecule forming a contiguous patch resembling a "hydrophobic knuckle." On the other hand, in forms II and III, in the absence of ligand, the side chains of Phe 121 and Phe 124 point in opposite directions and are spatially separated by Lys 122 (which is directed toward the solvent). In the case of form III, Phe 124 is actually fully buried and points toward the calcium binding loop.
This observation raises at least three important questions. First, are the conformational changes described here genuinely induced by ligand binding? Second, does the formation of the hydrophobic knuckle represent a generic mechanism for Lys 49 -PLA 2 s? Third, what might be its relevance to myotoxicity? We have addressed these questions by comparing the three structures described here with other Lys 49 myotoxins available in the Protein Data Bank.
18 crystallographically independent myotoxin structures were compared by treating the two subunits of dimeric molecules independently. Besides the three forms of ACL myotoxin described here, the following molecules were included: the open and closed forms of BthTX-I (46); A. piscivorus piscivoru (PDB code 1PPA (32)), piratoxin-II (PDB code 1QLL (47)), myotoxin-II (PDB code 1CLP (70)), GodMT-II (PDB code 1GOD (71)), acutohemolysin (PDB code 1MC2 (72)), the myotoxin from B. nummifer (44) , and two complexes of BthTX-1, one with stearic acid (39) and the other with a PEG fragment, 2 and two ligand-free structures of BthTX-1.
2 Fig. 4 shows the resulting superposition for the C-terminal region and the Ca 2ϩ binding loop. The comparison reveals significant variation between the 14 structures and indicates that the principal changes occur within a range of about 8 residues, from position 118 to 125. 
Nevertheless, one dominant conformation is observed, and this is present in 13 of 18 structures evaluated. We will refer to this as the canonical conformation as it displays a good agreement for both main chain atoms and side chain rotamers. It corresponds to the form I structure described here for ACL myotoxin, and in all of the 13 canonical structures Lys 122 is buried and interacts with the Cys 29 -Gly 30 peptide bond. The remaining five structures, where Lys 122 points toward the solvent, show a greater degree of C-terminal variation in which no single conformation dominates. This ensemble of structures is consistent with our observation that the C-terminal region of forms II and III of ACL myotoxin form fewer hydrogen bonds with the Ca 2ϩ binding loop. Of the structures that have been reported to have ligand molecules bound to the active site form I of ACL myotoxin, chains A and B of piratoxin-II (47), chains A and B of the myotoxin from B. nummifer (44) , and the two complex structures of BthTX-1, 2 all present the canonical structure at the C terminus. On the other hand, structures that present no ligand bound to the active site present a wide variety of conformations at their C termini including both canonical structures as well as all of the examples of non-canonical structures observed to date. These findings clearly suggest that the C-terminal loop of Lys 49 -PLA 2 has no preferential conformation when the active site is empty. However, on ligand binding, the strong interaction between Lys 122 and the peptide bond between Cys 29 and Gly 30 of the Ca 2ϩ binding loop, together with additional hydrogen bonds, restricts the structure of this region to the canonical conformation. In ACL myotoxin, this results in the formation of the exposed hydrophobic knuckle composed of Phe 121 and Phe 124 . How generic a phenomenon is the hydrophobic knuckle across homologous myotoxins? It is important to note that the phenylalanine residues found in ACL myotoxin at positions 121 and 124 are not conserved among all Lys 49 -PLA 2 s (Fig. 5) . However, inspection of their sequences shows that both positions are restricted to non-polar residues, which preserve the hydrophobic nature of the exposed knuckle. Fig. 6 compares both canonical and non-canonical structures for the C-terminal region and demonstrates clearly the presence of a hydrophobic protuberance in all of the former cases, which is destroyed in the latter by exposure of the Lys 122 side chain. Most interestingly, for several Lys 49 -PLA 2 where residues 121 and 124 have shorter non-polar side chains, such as leucine and proline, a third hydrophobic residue at position 125 contributes to the knuckle in order to compensate and retain approximately the same total surface area (Fig. 6) . For the knuckles shown in Fig.  6 , the average exposed apolar surface is 90 Ϯ 15 A 2 . The formation of a hydrophobic knuckle would therefore appear to be a general phenomenon and a consequence of the canonical C-terminal conformation in all such myotoxins.
Besides the formation of the knuckle itself, the canonical conformation induces the clustering of positive charge around its base (Fig. 6 ). This is due to the presence of the highly conserved basic residues in the C-terminal loop, including Lys 115 , Lys 116 , Lys 128 , and Lys 129 . In ACL myotoxin Lys 125 also contributes to the cationic character of this region.
The identification of the hydrophobic knuckle and its associated positive charge as a characteristic myotoxin motif is consistent with the accumulating evidence from synthetic peptides, monoclonal antibodies, sequence analyses, etc., indicating that the C-terminal region of Lys 49 -PLA 2 s is involved in both myotoxicity and membrane damaging activity (37, 50 -52, 78) . Particular attention has been drawn to hydrophobic and basic residues in this region, and these data support the idea that positively charged amino acids located in the C-terminal loop are responsible for establishing electrostatic interactions with membranes (50 -52, 79 -84) .
A Model for Lys 49 -PLA 2 Action-Based on the above observations, we propose that the stabilization of the canonical conformation of the C-terminal loop and, specifically, the genera- (26) . Gray shaded boxes denote residues that are present in ACL myotoxin and are conserved in all structures. Black boxes denote the non-polar residues that constitute the hydrophobic knuckle.
FIG. 6. The hydrophobic knuckle. a, presence of a large non-polar surface exposed to the solvent (potential surface map, calculated by GRASP (89) 29 and Gly 30 of the calciumbinding site. This causes local rearrangement of the C-terminal residues around Lys 122 that become locked into the canonical conformation, leading to exposure of the hydrophobic knuckle and the associated positive charge at its base. This conformation is ideal for membrane insertion, where the knuckle would interact with the hydrocarbon chains of phospholipids within the outer leaflet and the basic residues with the acidic polar head groups. This interaction may either directly perturb the membrane structure itself or exert its effects via interaction with an as yet unidentified membrane receptor (85) . This hypothesis is also consistent with recent experimental data on bothropstoxin-I, suggesting that its membrane-damaging effects are dependent on the binding of SDS in the case of artificial membranes and in the presence of an intact hydrophobic channel (86, 87) .
The flexibility of the C-terminal region is not unexpected given that peptides corresponding to residues 115-129 of a myotoxin from B. asper have been successfully used to mimic the myotoxic effects of the whole protein (52) . Furthermore, the critical role of Lys 122 in this model is supported by its absolute conservation in Lys 49 -PLA 2 myotoxins as well as by site-directed mutagenesis experiments (40, 76) . Substitution of this lysine by alanine leads to a significant reduction in the membrane damaging activity and myotoxicity of bothropstoxin-I, presumably because of the loss in stability of the canonical conformation. Indeed, of all the mutations tested to date, the Lys 122 3 Ala mutant shows the greatest effect on both of these activities. By comparison, substitution of lysine 49 by aspartic acid, for example, resulted in no measurable reduction in activity. Unfortunately, in a specific study of the importance of a subset of aromatic and charged residues within the C-terminal region of BthTx-I, the residues identified here as the principal components of the knuckle (residues 121 and 124) were not tested. However, the subsidiary residue (Phe 125 ), which is predicted to be part of the knuckle in BthTx-I (see Fig. 6 ), was substituted by a tryptophan, and the consequences for Ca 2ϩ -independent membrane damaging activity were almost as dramatic as Lys 122 3 Ala. Furthermore, the charge elimination mutants Lys 115 3 Ala and Lys 116 3 Ala also reduced membrane damaging activity, although they did not completely abolish it.
It is of interest to note that the knuckle and the active site lie on the same side of the molecule. This means that it is possible for the myotoxin to interact with the membrane via lipid bound to the active site and simultaneously via the hydrophobic knuckle, thus increasing the binding affinity. Most interestingly, the sulfate-binding site observed in form I also resides on the same side of the molecule and may therefore represent a further means by which the protein interacts with the phosphate groups of membrane phospholipids. The model would therefore explain the enigmatic observation that apparently catalytically inactive molecules have conserved the residues of the active site. This becomes reasonable by remembering that the model demands that Lys 49 -PLA 2 myotoxins retain their lipid binding capacity as this is necessary for stabilizing the canonical structure at the C terminus, thus promoting the exposure of the knuckle as well as for potentially interacting directly with the membrane. Many Lys 49 -PLA 2 myotoxins have been described as being dimeric, and Ward and co-workers (88) have provided persuasive evidence in the case of BthTx-I that it is the dimer that is indeed responsible for membrane damage. This model is attractive in that the proposed dimer has both active sites located on the same side of the molecule and would permit the protein to dock into a membrane by simultaneously using both its active site lipid binding capacity as well as the hydrophobic knuckles. However, none of the crystal forms reported here for ACL myotoxin show the presence of such a dimer, and therefore, its physiological importance remains in some doubt. Given that the monomer-monomer interface, which has been described for other myotoxins, is unusually small and hydrophilic and depends on the formation of salt bridges, it is possible that the crystallization conditions used here (all of which include at least 200 mM ammonium sulfate) have caused its disruption, and the possibility that ACL myotoxin forms dimers in solution or in contact with membranes cannot be ruled out.
It is important to point out that the knuckle is an inherently structural motif, and ACL myotoxin shows a particularly dramatic example in that it is formed by two large aromatic residues. However, the fact that there is only poor conservation of the residue types at positions 121 and 124 across the myotoxins in general and that in many cases an additional hydrophobic residue at position 125 may be incorporated into the knuckle is the probable explanation for why it has unnoticed for so long. It is a good example of a protein motif that is clearly threedimensional in nature and is therefore difficult to recognize by sequence analysis alone.
Conclusions-We have described a model for Lys 49 -PLA 2 myotoxin activation which is consistent with the available crystallographic, biochemical, and pharmacological data. The mechanism is based on the stabilization of a canonical structure within the C-terminal region of the molecule that is favored by the presence of a long chain ligand within the active site/hydrophobic channel. This is probably a fatty acid or phospholipid in vivo. The canonical structure leads to the formation and exposure of a hydrophobic knuckle that is expected to insert into the membrane aided by electrostatic interactions involving the C-terminal lysines. These interactions are postulated to be either directly or indirectly responsible for membrane damage. The inherent flexibility of the C-terminal region means that the canonical structure is even observed in crystal structures in the absence of ligand, meaning that ligand binding is probably not essential but almost certainly stabilizes the "myotoxic" site whose central component is the hydrophobic knuckle.
This model aids in rationalizing why the active site of Lys 49 -PLA 2 molecules is so well conserved, as our hypothesis relies on the preservation of a fatty acid binding capability. As such, it provides a direct link between the active site and the myotoxic site, as well as a structural mechanism for communication between the two, which depends critically on the absolutely conserved residue Lys 122 . It may also help in explaining the presence of both Asp 49 and Lys 49 -PLA 2 in the same venom, as the former may be necessary to generate free fatty acid ligands for stabilizing the active conformation of the latter.
